Abstract In the absence of HER2 overexpression, triplenegative breast cancers (TNBCs) rely on signaling by epidermal growth factor receptor (EGFR/ErbB1/HER1) to convey growth signals and stimulate cell proliferation. Soluble EGF-like ligands are derived from their transmembrane precursors by ADAM proteases, but the identity of the ADAM that is primarily responsible for ligand release and activation of EGFR in TNBCs is not clear. Using publicly available gene expression data for patients with lymph nodenegative breast tumors who did not receive systemic treatment, we show that ADAM12L is the only ADAM with an expression level significantly associated with decreased distant metastasis-free survival times. Similar effect was not observed for patients with ER-negative non-TNBCs. There was a positive correlation between ADAM12L and HB-EGF and EGFR in TNBCs, but not in ER-negative non-TNBCs. We further demonstrate that ectopic expression of ADAM12L increased EGFR phosphorylation in a mouse intraductal xenograft model of early breast cancer. Finally, we detect strong correlation between the level of anti-ADAM12L and anti-phospho-EGFR immunostaining in human breast tumors using tissue microarrays. These studies suggest that ADAM12L is the primary protease responsible for the activation of EGFR in early stage, lymph node-negative TNBCs. Thus, our results may provide novel insight into the biology of TNBC.
Introduction
Triple-negative breast cancer (TNBC) is an aggressive form of the disease, with poor prognosis, and limited treatment options [1] [2] [3] . TNBC, which accounts for *20 % of all breast cancers, is characterized by the absence of estrogen receptor (ER) and progesterone receptor (PR) expression, and the lack of human epidermal growth factor receptor 2 (HER2) overexpression. Based on their gene expression profiles, the majority of TNBCs fall into the basal-like or claudin-low molecular subtypes [4, 5] . Due to the absence of ER and HER2, established targeted therapies, such as endocrine therapy or anti-HER2 therapy, are not applicable.
HER2 is a member of the ErbB family of receptors that include epidermal growth factor receptor (EGFR/ErbB1/ HER1), ErbB2/HER2/Neu, ErbB3/HER3, and ErbB4/ HER4 [6] . EGFR requires ligand binding for dimerization, autophosphorylation, and stimulation of its tyrosine kinase activity. HER2 does not bind ligands but exists in an open conformation that is constitutively available for dimerization with other ErbBs. HER3 lacks intrinsic tyrosine kinase activity. Signaling by EGFR, HER2, and HER3 plays fundamental roles in breast tumor cell proliferation, survival, and metastasis [7] . HER4 also binds ligands and possesses tyrosine kinase activity but, unlike EGFR or HER2, it elicits anti-proliferative responses in mammary epithelium [8] . In the absence of HER2 overexpression, TNBCs depend on EGFR to convey growth signals, and ligand-mediated activation of EGFR becomes important for tumor progression. Ligands for EGFR include epidermal growth factor (EGF), tumor growth factor a (TGFa), heparin-binding EGF-like growth factor (HB-EGF), amphiregulin (AREG), epigen (EPGN), epiregulin (EREG), and betacellulin (BTC) [9] . They are all synthesized as transmembrane precursors that need to be shed from the membrane to generate soluble, biologically active agonists. The shedding is mediated by cell surface proteases (sheddases) that belong predominantly to the ADAM (A Disintegrin And Metalloprotease) family. Studies in cells cultured in vitro showed that several different ADAMs are capable of generating soluble EGFR ligands [10] [11] [12] [13] . ADAM17 has emerged as the primary sheddase of EGF-like ligands in breast cancer [14, 15] , although its prognostic value is not limited to TNBC [15] . Whether the expression levels of other ADAMs are linked to breast cancer outcome and whether the potential risk is particularly increased in TNBC has not been investigated.
The ADAM family comprises 20 members, 9 out of which are catalytically active and expressed beyond the reproductive system: ADAM8, -9, -10, -12, -15, -17, -19, -28, and -33 [16] . ADAM12 is strongly upregulated in breast tumors, and it has been previously implicated in breast cancer [17] [18] [19] [20] . ADAM12 mRNA is alternatively spliced, giving rise to two different protein isoforms: ADAM12L (a transmembrane form) and ADAM12S (a secreted form) [17] . Recently, ADAM12S was reported to enhance tumor cell migration and invasion through Matrigel in vitro and to increase metastasis in mice in vivo [20] . It is currently unknown whether these pro-tumor roles of ADAM12 observed in laboratory settings translate into increased patient risk in clinical settings. Furthermore, despite the fact that ADAM12 was shown to be a potent sheddase of at least two different EGF-like ligands, EGF and BTC, in cultured cells [10] , it is not clear whether it plays any role in the activation of EGFR in breast tumors in vivo.
The goal of this study was to examine whether ADAM12L plays a role in activation of EGFR in TNBC. Our results suggest that ADAM12L is the primary protease responsible for the activation of EGFR in an early stage, lymph node-negative TNBC.
Methods

Patient populations
We used four datasets that are publicly available at Gene Expression Omnibus (GEO, http://www.ncbi.nlm.nih.gov/geo/): EMC286 (GSE2034) [21, 22] , Erasmus (GSE5327) [22] , TRANSBIG (GSE7390) [23] , and Mainz (GSE11121) [24] . We applied the following criteria for dataset selection: (a) patients with lymph node-negative tumors, (b) patients did not receive systemic adjuvant treatment, (c) distant metastasis free survival times (DMFS) were available, (d) gene expression profiling was performed using Affymetrix HG-U133A platform, and (e) the number of TNBCs identified by gene expression profiling (Ref. [25] , see below) was greater than 15. Patient clinical characteristics are reported in Table 1 . The flowchart of data analysis is shown in Fig. 1 . The list of Affymetrix probes used to retrieve gene expression profiles is provided in Online Resource Table S1 .
Statistical analyses
All data analyses were performed using GraphPad Prism version 5.0d. Survival curves were calculated using the Kaplan-Meier method and compared by the log-rank (Mantel-Cox) test. All reported p values are two sided. Additional methods are described in Online Resource Methods.
Results
High expression level of ADAM12L is associated with poor prognosis in lymph node-negative TNBC without systemic therapy
We assessed the prognostic value of ADAM12L and ADAM12S in 286 early stage breast cancer patients treated at the Erasmus Medical Center (the EMC286 dataset) [21] . All tumors were lymph node-negative, and patients did not receive neoadjuvant or adjuvant systemic therapy. Patients were divided into two groups with low and high expression of ADAM12L (Fig. 2a) or ADAM12S (Fig. 2b) , with cutoffs set as median expression values. When all 286 tumors were analyzed together, the group with high expression of ADAM12L had worse prognosis than the group with low expression of ADAM12L, but the difference was not statistically significant. When ER-negative and ER-positive tumors were considered separately, a striking difference in the prognostic value of ADAM12L became evident. In ER- negative tumors, high expression of ADAM12L was associated with significantly lower DMFS rates (hazard ratio (HR) 2.154, 95 % confidence interval (CI) 1.071 to 4.332, p = 0.0314). In ER-positive tumors, there was no difference in survival rates for patients with high or low levels of ADAM12L. Most importantly, within ER-negative tumors, poor prognosis associated with high ADAM12L was restricted to TNBCs (HR 2.492, 95 % CI 1.047 to 5.933, p = 0.0391). Remarkably, in ER-negative non-TNBC, high expression of ADAM12L was not linked to poor outcome. Assuming that the difference between TNBC and ER-negative non-TNBC was mainly due to HER2 overexpression (the mean expression level of HER2 in TNBC was indeed *12-fold lower than in ER-negative non-TNBC, p \ 0.0001, data not shown), this result indicates that the poor prognostic value of ADAM12L was manifested only in the absence of HER2 overexpression. Interestingly, although TNBCs overlap to a large extent with basal cancers (a majority of basal cancer are triplenegative, and 60-80 % of TNBCs are basal tumors [1] [2] [3] [4] ), the prognostic value of ADAM12L in basal cancers was lower than in TNBCs (Online Resource Fig. S1 ). Thus, decreased DMFS in TNBC expressing high ADAM12L were not a simple consequence of poor prognostic value of ADAM12L in basal cancers. Given the fact that the mean values of ADAM12L were not statistically different between TNBCs and other tumor groups (Online Resource Fig. S2 ), these results suggest that ADAM12L may activate EGFR via the cleavage of EGF-like ligands, and this function is masked or irrelevant in the presence of HER2 overexpression. In a marked contrast to ADAM12L, ADAM12S did not have a significant prognostic value in any of the tumor groups examined (Fig. 2b) . Efficient activation of the EGFR pathway requires three components: the receptor, a ligand, and a sheddase that generates the soluble ligand. While the expression of these components may be regulated by entirely separate mechanisms, it is clear that increased levels of all three components create a particular advantage for tumor cells. Therefore, we examined the correlation between ADAM12L, EGF-like ligand mRNAs and EGFR. We observed no positive correlation in all 286 tumors or in ER-positive cancers ( Table 2) . Table 2 ). Most importantly, this positive correlation between ADAM12L and HB-EGF (Pearson r = 0.3632, p = 0.0075) and EGFR (Pearson r = 0.2728, p = 0.0481) was retained in the TNBC subset of ER-negative tumors. In the remaining ER-negative nonTNBCs, ADAM12L was not significantly correlated with any of the mRNAs tested. Interestingly, despite their correlation with ADAM12L, high expression of HB-EGF or EGFR mRNA alone was not significantly associated with decreased DMFS in TNBC (Online Resource Fig. S1 ). This is not surprising, since high HB-EGF or EGFR protein levels do not inevitably lead to the activation of EGFR unless a sheddase, i.e., ADAM12L, is also expressed at high level.
Next, we asked whether other transmembrane, catalytically active ADAMs also contribute to poor prognosis in TNBCs. Out of eight other catalytically active ADAMs whose expression is not limited to the reproductive system, the following seven were represented on the Affymetrix U133A array: ADAM8, -9, -10, -15, -17, -19, and -28. Among TNBC patients from the EMC286 cohort, ADAM12L was the only ADAM that was significantly associated with poor prognosis (Fig. 3) .
In order to extend our investigations beyond the EMC286 cohort, we combined ADAM12L expression profiles in TNBCs from the EMC286 dataset and from three other cohorts, Erasmus [22] , TRANSBIG [23] , and Mainz [24] . All tumors were node-negative, and patients did not receive adjuvant chemotherapy. In this combined dataset of 117 TNBCs, ADAM12L levels were significantly higher in patients with distant metastases than in patients without metastasis (Fig. 4a) . Patients with high expression of ADAM12L had significantly lower survival rates than patients with low expression of ADAM12L (HR 2.030, 95 % CI 1.136 to 3.628, p = 0.0168; Fig. 4b ).
ADAM12L augments EGFR phosphorylation in vivo
Next, we examined whether there is a cause-and-effect relationship between the level of expression of ADAM12L protein and the extent of EGFR phosphorylation in vivo in a mouse model of an early ER-negative breast cancer. We used the MIND (mouse intraductal) transplantation model, in which ER-negative MCF10DCIS.com breast tumor cells are transplanted directly into the mammary ducts [29] . MCF10DCIS.com cells express high levels of EGFR [29] . We confirmed that this receptor is fully functional, as it became readily phosphorylated at Tyr1173, one of the major autophosphorylation sites [30] , in response to added EGF (Fig. 5a) . The endogenous expression level of ADAM12L protein in MCF10DCIS.com cells was low and poorly detected by immunoblotting (Fig. 5b) . Using a retroviral delivery system and selection with puromycin, we established cells with stable overexpression of ADAM12L. The ectopically expressed ADAM12L produced two bands in Western blots (Fig. 5b) . The *120-kDa band represented the inactive intracellular ADAM12L, and the *90-kDa band represented the processed, active form that resides at the cell surface [31] . Flow cytometry using live cells further demonstrated surface expression of ADAM12L in stably transduced cells (Fig. 5b) . ADAM12L overexpressing cells and control cells transduced with vector only were transplanted into mammary ducts. Six weeks later, the extent of EGFR phosphorylation in intraductal lesions was examined by immunohistochemistry. As reported earlier, most of the lesions at this time point were DCIS-like, with some lesions already progressing to invasion [29] . Figure 5c shows examples of anti-phospho-EGFR (Y1173) staining in the intraductal lesions. In order to assess the effect of ADAM12L on the extent of EGFR phosphorylation, the intensity of anti-phospho-EGFR staining was quantified, as described in Online Resource Methods. Analysis of 76 different intraductal lesions (38 lesions per each cell type, 6 mice total) showed significantly higher anti-phospho-EGFR staining in lesions generated by ADAM12L-overexpressing cells than control cells (Fig. 5d ). This result suggested that ADAM12L was capable of inducing EGFR phosphorylation in the MIND model in vivo. As MCF10DCIS.com cells express oncogenic H-RasG12 V [32] , it was not feasible to study downstream effects of EGFR activation.
EGFR phosphorylation in human breast tumors strongly correlates with ADAM12L expression level In order to assess an association between EGFR phosphorylation and the level of ADAM12L protein in human breast tumors, we performed IHC analysis of tissue microarrays. We analyzed 142 samples of 72 different breast tumors, using anti-ADAM12L and anti-phospho-EGFR (Y1173) antibodies (Fig. 6a, b) . The results show a strong correlation between staining intensities for ADAM12L and for phospho-EGFR (Pearson r = 0.8353, p \ 0.0001) (Fig. 6c) . Interestingly, this strong correlation was not limited just to TNBC, as a similar degree of correlation was observed when only TNBC samples were included in the analysis (Pearson r = 0.7663, p \ 0.0001) (Fig. 6c) . Thus, ADAM12L may be a universal modulator of EGFR activation in all breast tumors, but this activity of ADAM12L becomes biologically relevant only in the context of TNBC, where the EGFR pathway controls cell proliferation.
Discussion
Due to the absence of ER and HER2 in TNBC, antiestrogen or anti-HER2 therapies are not possible. The only remaining option for systemic treatment is conventional chemotherapy. However, as chemotherapy typically aims at basic cellular processes such as cell division, it is nonspecific and harmful to normal dividing cells. Furthermore, many TNBCs acquire chemoresistance after prolonged exposure to cytotoxic drugs, compromising the efficacy of the treatment. Thus, finding new molecular targets in TNBC and identifying novel predictive markers are of the utmost urgency.
The ongoing clinical trials for patients with TNBC include novel cytotoxic drugs, poly(ADP-ribose) polymerase (PARP) inhibitors, antiangiogenic agents, Src and Abl kinase inhibitors, and EGFR-targeting agents [33] . EGFR seems to be a logical target in TNBC for several reasons. First, in the absence of HER2-overexpression, TNBCs depend on signaling by EGFR to stimulate tumor cell proliferation and survival. Second, 60-70 % of all TNBCs show increased expression of EGFR [34] [35] [36] [37] . Third, KRAS mutations are infrequent in TNBC [38] , making the tumors amenable to EGFR inhibition. Current EGFR-targeting agents being evaluated in clinical trials include small Fig. 3 The prognostic value of ADAM12L in TNBCs from the EMC286 dataset is the highest among other ADAMs encoding membrane-anchored, catalytically active ADAM proteases. KaplanMeier plots of distant metastasis-free survival fractions for TNBC patients from the EMC286 cohort are shown molecule inhibitors of the EGFR tyrosine kinase, as well as monoclonal antibodies (Cetuximab) [3, 39] . However, so far these strategies have produced limited success [1, 39] . One possible reason could be that the clinical studies involving EGFR inhibitors were conducted in unselected TNBC patients, and were not directed by any mechanistic hypotheses. Since ligand binding is an absolute requirement for EGFR activation, and since activating mutations in EGFR that would nullify this requirement are rare [40, 41] , limiting ligand availability represents another logical approach to block the EGFR pathway. Furthermore, one can postulate that TNBC patients with the highest sheddase activity, in which soluble EGF-like ligands are produced with the highest efficiency, are the best candidates for the existing anti-EGFR therapies. This approach requires, however, precise knowledge of the sheddase responsible for the release of EGF-like ligands and activation of EGFR.
In this study, we demonstrate that high levels of ADAM12L are associated with decreased DMFS in TNBC and we link this effect to the activation of EGFR. Importantly, ADAM12L was the only ADAM encoding a transmembrane, catalytically active protease whose expression level was significantly linked to poor prognosis in TNBC patients. We further used an in vivo model to confirm a causal role of ADAM12L protein in tyrosine phosphorylation of EGFR, which often serves as a read-out of the activation status of the receptor. Importantly, we uncovered a strong correlation between ADAM12L protein level and the extent of EGFR phosphorylation using tissue arrays.
Although the significance of ADAM-mediated shedding of EGF-like ligands in breast cancer biology has been well recognized [42] [43] [44] , the identity of the ''perpetrator'' ADAM that is actually responsible for ligand cleavage and activation of EGFR has not been conclusively determined.
To our best knowledge, the current study represents the first evaluation of the prognostic values of all catalytically active ADAMs in systemically untreated TNBCs. This is also the first report that specifically links ADAM12L to the activation of EGFR in TNBC. This function of ADAM12L has not been previously revealed by cell biology approaches or by mouse models. Interestingly, the two breast cancer-associated loss-of-function mutations in ADAM12, i.e., D301H and G479E, were not found in TNBC [45, 46] . The third mutation, L792F, was found in TNBC, but this mutation does not alter the proteolytic activity of ADAM12L (Ref. [47] and our unpublished observations). Thus, it appears that TNBCs express the active form of ADAM12L, which is consistent with its role in EGFR activation in TNBC described here.
One unexpected result of our survival analyses is the discrepancy between the prognostic values of ADAM12L and ADAM12S. The distinction between ADAM12L and ADAM12S is important, because these two mRNAs encode transmembrane and secreted proteases, respectively, with potentially diverse biological functions during tumor progression and metastasis. Recently, ADAM12S has been shown to be more potent than ADAM12L in inducing metastasis in an orthotopic mouse xenograft model [20] . This result does not agree with the results of our survival analyses presented here, but the discrepancy may be explained by the fact that the model used in the referenced study did not mimic human TNBC.
Finally, an important question remains: what is the functional mechanism by which ADAM12L promotes metastasis in node-negative TNBC, despite complete removal of the primary tumor? One possibility is that the ADAM12L/EGFR axis increases the chance of an early dissemination of a small number of cancer cells prior to Fig. 4 High expression of ADAM12L is associated with poor prognosis in a combined set of node-negative TNBCs without chemotherapy. Gene expression profiles obtained in four independent studies (GEO accession numbers GSE2034, GSE5327, GSE7390, and GSE11121) were merged, as described in Methods. a Log2- surgery, and these cells go undetected in the node analysis. EGFR activation has been shown to promote epithelial-tomesenchymal-like transition (EMT), down-regulation of E-cadherin, tumor cell migration, and invasion [48] [49] [50] [51] [52] [53] , and these functions fit the proposed model of ADAM12L/ EGFR enhancing tumor cell dissemination. Another possibility is that ADAM12L-mediated activation of the EGFR pathway might enhance tumor cell colonization at a metastatic site. Recent studies have shown that shedding of EGF-like ligands from tumor cells modulates in a paracrine manner the bone microenvironment and promotes osteolytic metastasis [54] . The sheddases implicated in this process are ADAMTS1 (a disintegrin and metalloproteinase with thrombospondin motifs1) and MMP1 (matrix metalloprotease 1). These two proteases are not linked to poor prognosis in TNBCs from the EMC286 cohort (results not shown). However, as the pattern of metastatic spread in TNBC is different from other types of breast cancer, with brain and liver metastases being more frequent than metastasis to bone or lung [55] [56] [57] , the identity of the sheddases and the spectrum of EGF-like ligands involved may also be different. Recently, HB-EGF has been shown to be a mediator of cancer cell passage through the bloodbrain barrier [58] . Our preliminary examination of the gene expression data suggested that the expression level of ADAM12L might be indeed higher in TNBCs that metastasized to the brain than in other TNBCs, but because of the limited number of cases available, the difference did not reach statistical significance (results not shown). The discovery of ADAM12L as a prognostic factor in TNBC and linking its function to the EGFR pathway may have at least two potential implications. First, it should promote further studies to establish whether ADAM12L may serve as a novel therapeutic target in TNBC. It should also encourage a quest for highly specific inhibitors that would effectively discriminate between ADAM12L and other catalytically active ADAMs. Second, stratification of TNBC patients based on the expression level of ADAM12L may identify a group that could benefit the most from inhibition of EGFR, and thus it may increase the efficacy of anti-EGFR treatment. 
